Introduction {#Sec1}
============

The copper deposits in the world are widely distributed across five continents including more than 150 countries^[@CR1]^. According to the proportion of oxide minerals and sulfide minerals in copper ores, it can be divided into sulfide ores containing copper oxide less than 10%, mixed ores containing copper oxide of 10--30% and oxide ores containing more than 30% copper oxide^[@CR2]^. With the increasing depletion of sulfide ores and high grade copper oxide ores, there is a need to win metals from the abundant complex copper oxide ores^[@CR3]--[@CR5]^. The ores have the characteristics of low copper grade, high oxidation rate, high combined rate, fine distribution granularity as well as extremely complex copper phase composition^[@CR6],[@CR7]^. The process mineralogy of the ores from Mulyashy Copper Mine in Luanshya, Zambia showed that it was a kind of typical complex copper oxide ores and the copper minerals mainly contained malachite, chrysocolla, pseudo-malachite, limonite, biotite, muscovite, chlorite, in which biotite was one of the significant copper-bearing minerals^[@CR8]^.

Biotite is an important ferric silicate mineral with the molecular formula of (K, Na, Ca, Ba) (Fe^2+^, Fe^3+^, Mg, Ti^4+^, Mn, Al)~3~(Al, Si)~4~O~10~(OH, F, Cl)~2~ ^[@CR9]^. Most previous works on chemical composition of biotite from porphyry Cu deposits paid attention to determining the contents of F and Cl, with the aim of identifying mineralized and barren plutons^[@CR10]--[@CR12]^. Due to the appearance of Fe^2+^, Fe^3+^ and OH^−^, it was reported that biotite could also be used to evaluate the physicochemical conditions in the crystallization process of some minerals as well as the thermodynamic parameters like T(°C), f(O~2~) and f(H~2~O)^[@CR13]^. In addition, many scholars focused on the exchanged improved coefficient of F-Cl-OH between biotite and hydrothermal fluid, calculating the values of some parameters such as log (fH~2~O/fHCl), log (fHCl/fHF), log (X~Cl~/X~OH~), log (X~F~/X~OH~) and log (X~F~ /X~Cl~), which can indicate the process of hydrothermal alteration and mineralization^[@CR14]--[@CR16]^. However, because of their own special characteristics of layered structures, biotite minerals often appear as the carriers or enrichment minerals of many metallogenic elements, such as Cu, Au, *etc*^[@CR17]^.

The content and occurrence of copper in biotite minerals have been studied by some scholars since 1963. It was reported that the copper content in biotite was about 6 × 10^−6^--5000 × 10^−6^, which was related to whether it was metallogenic intrusion or not^[@CR18],[@CR19]^. Earlier studies indicated that the copper might not exist in the form of sulfide^[@CR20]^, but in the form of octahedral coordination in biotite^[@CR21]^. However, it was recently considered that the abnormal copper existed in the form of natural copper inclusions and expansive intercalations in biotite, and the inclusions and expansive intercalations were only found in the biotite with epigenetic weathering^[@CR22]--[@CR24]^. It was further indicated that the biotite with epigenetic weathering had the phenomenon of higher copper and lower potassium^[@CR25]^. Liu *et al*. discovered that biotite mineralization associated with Cu was rich in magnesium and poor in iron^[@CR17]^. Moreover, it has also been found that the copper occurred in biotite of goethite belt existed in two forms: natural copper inclusions and iron oxides rich in copper, and the content of CuO in iron oxides was as high as 5%, indicating that the iron was mostly replaced by copper^[@CR26]^. However, recently seldom studies have been concentrated on the alteration mechanism of copper-bearing biotite and leachable property of copper-bearing minerals in copper ores.

For the reasons above, the study was carried out to analyze the mineral characteristics of copper-bearing biotite by means of advanced detection methods such as X-ray fluorescence (XRF), X-ray diffractomer (XRD), polarizing microscopy and scanning electron microscope equipped with an energy dispersive spectrometer (SEM-EDS), which can further provide theoretical value and significant guidance for the leaching of copper contained in biotite minerals.

Results and Discussion {#Sec2}
======================

It was found from previous stable isotopic work that many porphyry copper deposits were related to the early stage alteration (e.g. potassic) caused by fluids of magmatic origin, and the later stage alteration (e.g. phyllic) superimposed on earlier alteration zones, caused principally by meteoric fluids^[@CR27],[@CR28]^. In addition, the K-feldspar-quartz and chlorite-sericite-pyrite alteration associations are more important in the formation of porphyry copper deposits^[@CR29]^. However, it was shown from Kahang porphyry copper deposit that biotite could alter into chlorite and opaque minerals such as goethite and magnetite^[@CR30]^. In general, the biotite alteration is slightly earlier than the main mineralization, while Banks suggested that the enrichment of copper in intrusive rocks near Arizona porphyry copper deposit occurred during the process of biotite altering into chlorite^[@CR31]^. In this paper, it was discovered that there were two existence forms of biotite, copper-bearing biotite and copper-free biotite, respectively. And the copper-bearing biotite could differentiate and alter into other minerals along with its dissociation and cleavage crack unlike the copper-free biotite.

The occurrence of copper in copper-bearing biotite {#Sec3}
--------------------------------------------------

Some scholars inferred that the abnormal copper in the altered biotite did not occupy the position of lattice octahedron, but existed in the form of natural copper inclusions and expansive intercalations in interlayer domain of biotite. However, it was shown from the SEM-EDS analysis of this study that the copper in altered biotite mainly existed in the state of isomorphism by replacing magnesium or iron, and this copper-bearing biotite continued to differentiate and alter into copper-bearing chlorite and other copper oxide minerals.

It was detected that there were two forms of copper-bearing biotite: monomeric copper-bearing biotite and biotite aggregations in which the copper-bearing biotite occurred with other copper minerals such as copper-bearing chlorite, malachite or copper-bearing limonite. Figure [1](#Fig1){ref-type="fig"} shows the planar polarizing microscopy and SEM-EDS diagrams of monomeric copper-bearing biotite. Figures [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"} present the planar polarizing microscopy and SEM-EDS diagrams of biotite aggregations with copper minerals. In addition, the energy spectrum analysis (EDS) of the two forms of biotite are presented in Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"} ^[@CR32]^, which indicated that the Cu contents were significantly different between the two kinds of biotite. It was found that the copper content in monomeric biotite was 1.23--6.01% with average value of 2.83%, which was obviously lower than that of 2.23--7.38% in biotite aggregations with the average content of 4.27%. In addition, from the SEM-EDS analysis of monomeric copper-bearing biotite and biotite aggregations, it was observed that the color varied from light gray to deep gray depending on the amount of copper. The biotite with higher copper showing light-gray color, usually is lighter than the biotite with lower copper or copper free biotite which shows dark-gray color^[@CR32]^. However, the color of malachite is usually white due to its highest copper content.Figure 1Planar polarizing microscopy and SEM-EDS diagram of monomeric copper-bearing biotite. (**a**) Planar polarizing microscopy. (**b**) SEM; EDS1. The spectra corresponds to point 1 in SEM diagram.Figure 2Planar polarizing microscopy and SEM-EDS diagrams of copper-bearing biotite altering into copper-bearing chlorite and malachite. (**a**) Planar polarizing microscopy. (**b**) SEM; EDS1, EDS2, EDS3. The spectra correspond to points 1, 2, 3 in SEM diagrams.Figure 3Planar polarizing microscopy and SEM-EDS diagrams of copper-bearing biotite altering into copper-bearing chlorite and copper-bearing limonite. (**a**) Planar polarizing microscopy. (**b**) SEM; EDS1, EDS2, EDS3. The spectra correspond to points 1, 2, 3 in SEM diagrams.Table 1Energy spectrum analysis data of monomeric biotite (Wt%).No.OFMgAlSiKFeCoCuTotal144.651.6212.469.4419.267.302.8802.39100238.311.439.9011.0822.008.457.320.171.34100347.150.838.1710.8618.855.656.200.232.06100448.864.856.5110.5916.754.364.541.012.53100550.813.0211.737.4416.012.071.611.515.80100639.133.3110.0210.0020.386.318.601.021.23100748.621.1711.987.8415.574.233.271.316.01100845.082.0213.959.8618.564.853.320.981.38100943.290.9814.739.2718.714.393.342.013.281001046.762.9713.468.9717.932.534.041.032.31100Avg.45.272.2211.299.5418.405.014.510.932.83100Table 2Energy spectrum analysis data of biotite aggregations (Wt%).No.OFMgAlSiKFeCoCuTotal149.264.638.379.5619.402.451.290.224.82100247.715.7511.096.7217.221.081.771.287.38100353.152.029.4810.7317.330.881.740.444.23100449.912.997.4111.6019.531.423.610.433.10100556.192.688.988.2916.921.372.321.022.23100654.492.018.789.8615.163.152.230.473.85100752.583.2312.287.6715.213.290.820.724.20100857.032.616.5912.0811.761.891.870.615.56100953.413.4211.747.4316.012.071.611.502.811001056.041.3012.958.0412.403.221.140.404.51100Avg.52.983.069.779.2016.092.081.840.714.27100

The main reason for the occurrence of biotite aggregations was that partial copper-bearing biotite could alter into copper-bearing products through the following two mechanisms, and the copper-bearing products were mainly copper-bearing chlorite, malachite or copper-bearing limonite. Moreover, According to the statistical data of EDS, it was discovered that the average copper contents of chlorite, malachite and limonite in the aggregations were 4.05, 42.21 and 2.94% respectively^[@CR8]^.

Alteration mechanism of copper-bearing biotite {#Sec4}
----------------------------------------------

It was noticed that a large amount of potassium and silicon were lost in the process of biotite altering into chlorite, and the lost silicon was formed into quartz or amorphous silicon^[@CR33]^. Ilton and Veblem indicated that the copper content of biotite was related to the supergenesis^[@CR22]^. As known, the supergene zone can be further divided into the leach cap and the enrichment zone. Leach caps usually have the lowest Cu values, while the enrichment zone has the highest Cu^[@CR34]^. In this paper, it was discovered that in the enrichment zone, the alteration mechanism of copper-bearing biotite was divided into two types according to the strength of supergenesis. The first was that the copper-bearing biotite altered into copper-bearing chlorite and malachite, and the second was the copper-bearing biotite altering into copper-bearing chlorite and copper-bearing limonite.

### Copper-bearing biotite → copper-bearing chlorite + malachite {#Sec5}

It was proved by Wang *et al*. that in the presence of HCl, biotite could change into chlorite with red Fe~2~O~3~ around its periphery^[@CR35]^. In this process the unstable FeCl~2~ was released which can self-oxidized to Fe^3+^, and the Fe^3+^ continued to turn to Fe~2~O~3~ under weakly acidic condition. The reaction that biotite changed into chlorite is shown in Eq. ([1](#Equ1){ref-type=""}):$$\documentclass[12pt]{minimal}
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One can see in Fig. [2](#Fig2){ref-type="fig"} that the area (1) in SEM diagram corresponds to the biotite absorbing a small amount of copper, while area (2) corresponds to the copper-bearing chlorite altered from copper-bearing biotite, and the area (3) is malachite. The specific alteration mechanism of copper-bearing biotite altering to copper-bearing chlorite and carbonate minerals was shown as follows. First, the copper-bearing biotite (EDS1) was transformed from copper-free biotite by releasing out a large amount of iron and magnesium, meanwhile absorbing some copper. Then, in the presence of CO~2~ and H~2~O under natural conditions, the products of copper-bearing chlorite (EDS2) and carbonate were generated, showing in Eq. ([2](#Equ2){ref-type=""}) ^[@CR36]^. Further, under the severe differentiation condition, more copper which completely replaced magnesium and iron was absorbed by carbonate of (Fe, Mg, Cu)CO~3~, leading to the generation of unstable copper carbonate (CuCO~3~). Thus the stable copper-containing oxide mineral of malachite (EDS3) was created from the unstable copper carbonate (CuCO~3~), the reaction can be seen in Eq. ([3](#Equ3){ref-type=""}).$$\documentclass[12pt]{minimal}
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The ΔrGm values for the Eqs (2) and ([3](#Equ3){ref-type=""}) at 298.15 K are both less than zero, indicating that the processes of reactions (2) and (3) were spontaneous under natural conditions.

### Copper-bearing biotite → copper-bearing chlorite + copper-bearing limonite {#Sec6}

As can be seen in Fig. [3](#Fig3){ref-type="fig"}, the area (1) in SEM-EDS represents copper-bearing biotite, area (2) indicates copper-bearing chlorite altered from copper-bearing biotite and area (3) represents copper-bearing limonite with honeycomb voids. According to Eq. ([2](#Equ2){ref-type=""}) above, the alteration mechanism of copper-bearing biotite altering to copper-bearing chlorite and copper-bearing limonite was that, the copper-bearing biotite (EDS1) was transformed from copper-free biotite by releasing out a large amount of iron and magnesium, meanwhile absorbing some copper. In the presence of CO~2~ and H~2~O under natural conditions, the products of copper-bearing chlorite (EDS2) and carbonate were generated. It was discovered that (Fe, Mg, Cu)CO~3~ could continue to be oxidized and hydrolyzed to limonite because of its instability, showing Eq. ([4](#Equ4){ref-type=""}). Besides, owing to the adsorption characteristic^[@CR37]^, some copper from surrounding can be adsorbed by limonite, resulting in the formation of copper-bearing limonite (EDS3).$$\documentclass[12pt]{minimal}
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Leachable property of copper-bearing minerals {#Sec7}
---------------------------------------------

Table [3](#Tab3){ref-type="table"} shows the L~16~ (4^5^) experimental table of copper leaching rate. The range analysis of copper leaching rate was performed in order to determine the effect of parameters on the leaching, showing in Table [4](#Tab4){ref-type="table"}. It was found that the range values of A, B, C, D and E were 21.526, 11.043, 9.166, 7.586 and 10.610, respectively. Hence, the order of factors influencing the leaching was temperature \> sample size \> H~2~SO~4~ concentration \> leaching time \> stirring speed, indicating that temperature has the greatest effect on the leaching.Table 3L~16~ (4^5^) experimental table of copper leaching rate.Exp. no.Experimental factorsCopper leaching rate (%)T (°C)S \< 74 μm (%)t (min)R (rpm)$\documentclass[12pt]{minimal}
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Figure [4(a--e)](#Fig4){ref-type="fig"} represents the effect of each factor on the mean leaching rate of copper. It should be noted that these graphs were only used to show the trend of each factor, rather than predicting other values that were not tested experimentally. From Fig. [4(a)](#Fig4){ref-type="fig"}, it was seen that as the temperature was increased from 25 to 80 °C, the leaching rate of copper increased remarkably. If the temperature continues to rise, the leaching rate of copper may be better than that at 80 °C. But 80 °C was considered to be the optimum, because of the industrial energy consumption. It was observed from Fig. [4(b)](#Fig4){ref-type="fig"} that an increase in particles size \<74 μm from 40 to 60% led to the significant increase of copper leaching rate, which due to the increased generation of particle surface area that produced rapider leaching kinetics^[@CR4],[@CR38]^. But when the particle size \<74 μm increased from 60 to 100%, the increasing trend decreased. Basing on the grinding energy consumption, the sample particle size \<74 μm of 80% was chosen. It was found from Fig. [4(c)](#Fig4){ref-type="fig"} that the leaching rate of copper was increased with prolonging time, and 120 min was considered the best. In addition, it was shown from Fig. [4(d)](#Fig4){ref-type="fig"} that the leaching rate increased significantly with increasing the stirring speed from 200 to 300 rpm, while which remained almost unchanged as to 500 rpm. Therefore, the optimal stirring speed was considered to be 300 rpm. Moreover, when the H~2~SO~4~ concentration increased from 0.2 to 1.2 mol/L, the leaching rate increased greatly, however, the upward trend decreased from 1.2 to 1.7 mol/L in Fig. [4(e)](#Fig4){ref-type="fig"}. Thus, considering the corrosion of equipment, 1.2 mol/L was the better option.Figure 4The effect of each factor on mean leaching rate of copper. (**a**) Temperature; (**b**) Sample size; (**c**) Time; (**d**) Stirring speed; (**e**) H~2~SO~4~ concentration.

To further study the leachable properties of copper-bearing minerals, the leaching experiments were carried out under the optimal conditions at different temperatures. The results indicated that the leaching rates of copper at 25, 40, 60 and 80 °C were 69.35, 82.04, 87.84, and 94.03%, respectively. Figure [5](#Fig5){ref-type="fig"} shows the leaching rate of copper in different occurrence states at different temperatures. It was found from Fig. [5](#Fig5){ref-type="fig"} that at 25 °C the leaching rate of copper in mineral state was 96.21%, while the copper was hardly leached out in other states. With increasing the temperature to 40 °C, the copper in mineral state was entirely leached out. Besides, 67.57 and 20.75% of copper leaching rate in isomorphism and adsorption states were obtained, indicating that isomorphic copper was more easily leached compared with the adsorbed copper at this temperature. When the temperature increased to 60 °C, the leaching rate of copper in adsorption state increased significantly to 45.64%, which was 86.34% of isomorphism. In addition, it was shown that at 80 °C, the isomorphic copper was completely leached, but remaining 11.2% of adsorbed copper un-leached. However, the copper in cemented body of feldspar-quartz-copper-iron and other bound copper were not dissolved throughout the leaching.Figure 5Leaching rate of copper in different occurrence states at different temperatures. (**a**) Copper in mineral state; (**b**) Isomorphic copper; (**c**) Adsorbed copper; (**d**) Copper in cemented body; (**e**) Other bound copper.

Figure [6](#Fig6){ref-type="fig"} shows the leaching rate of copper in copper-bearing minerals at different temperatures. It can be seen that at 25 °C, most of mineral states such as malachite, chrysocolla and pseudo-malachite were leached, while other copper-bearing minerals like biotite, chlorite, muscovite and limonite were hardly leached. With the increase of temperature, the copper in the four minerals was gradually leached out. When the temperature was at 40 °C, 56.52, 66.80 and 20.76% of copper leaching rates for biotite, muscovite and limonite were achieved. Surprisingly, the copper in chlorite was completely leached out, this is due to the fact that in the process of biotite altering into chlorite, the layered structure of chlorite was changed, leading to more copper to be leached out easily^[@CR33]^. Furthermore, it was found that the copper leaching rate of limonite increased obviously at the range of 40--80 °C. Figure [7](#Fig7){ref-type="fig"} shows the morphology and elemental characteristics of biotite at 80 °C. It was shown from EDS1 that all the copper was dissolved out leaving the unchanged crystal shape of biotite after leaching, indicating that the leachable property of biotite is closely related to its special layered structure^[@CR39]^. However, 11.2% of copper in limonite was un-leached at 80 °C. In conclusion, the leaching order of copper in different minerals was as follows: malachite, chrysocolla and pseudo-malachite \> copper-bearing chlorite \> copper-bearing muscovite \> copper-bearing biotite \> copper-bearing limonite.Figure 6Leaching rate of copper in copper-bearing minerals at different temperatures. (**a**) Malachite, chrysocolla and pseudo-malachite. (**b**) Copper-bearing chlorite. (**c**) Copper-bearing limonite. (**d**) Copper-bearing biotite. (**e**) Copper-bearing muscovite.Figure 7The morphology and elemental characteristics of biotite after leaching at 80 °C. (**a**) Planar polarizing microscopy. (**b**) SEM; EDS1. The spectra corresponds to point 1 in SEM diagram.

Experimental {#Sec8}
============

Materials {#Sec9}
---------

The samples used in this study were copper oxide ores obtained by open-pit mining from the Mulyashy Copper Mine in Luanxia, Zambia. The mineralogical process data indicated that there were four occurrence states of copper in copper minerals^[@CR8]^: copper in mineral state (70%), isomorphic copper (13.32%), adsorbed copper (12.05%) and a few copper in cemented body of feldspar-quartz-copper-iron (2.6%). Other bound copper accounted for 1.53%. The elements of the copper ores were analyzed by XRF (Table [5](#Tab5){ref-type="table"}); Fig. [8](#Fig8){ref-type="fig"} shows the XRD pattern of the copper ores. The particle size distribution of the copper samples was determined by wet sieving (Table [6](#Tab6){ref-type="table"}). Each grain-grade ore was mixed with resins and made into a thin section (4 pieces) to study. The sulfuric acid used in this work was of analytical grade.Table 5XRF results of the copper ores (Wt%).SiO~2~Al~2~O~3~MgOK~2~OFe~2~O~3~CaOCuOTiO~2~MnOBaO52.967715.67918.71148.67016.54383.04862.68750.80480.37260.1390P~2~O~5~Co~2~O~3~Na~2~OSO~3~Cr~2~O~3~HfO~2~Rb~2~OZrO~2~NiOSrO0.08670.06480.05330.04160.02940.02310.02120.01890.01530.0127Figure 8XRD pattern of the copper ores.Table 6Particle size distribution of the copper ores (Wt%).\>212 μm125\~212 μm74\~125 μm\<74 μm30.1313.8017.0039.07

Characterization {#Sec10}
----------------

The copper occurrence and alteration mechanism of copper-bearing biotite were studied by analyzing the chemical composition by XRF (ZSX100e), and measuring the phase composition through XRD (PW3040/60) to preliminarily determine the existence of biotite in the ore. The thin sections were examined and analyzed using polarizing microscopy (LEICA-DMLP) and SEM (SHIMADZU SSX-550) equipped with an EDS detector.

Leaching experiment {#Sec11}
-------------------

The leachable property of copper ores was detected using orthogonal array method. Basing on the previous leaching tests, it was identified that temperature, sample size, leaching time, stirring speed and H~2~SO~4~ concentration could affect the leaching process. Each of five parameters had four levels with an orthogonal array 16 (4^5^)^[@CR40]^. Low, medium and high levels of the factors are given in Table [7](#Tab7){ref-type="table"}.Table 7Parameters and levels of the experiments.ParametersExperimental levels1234Temperature (°C)25406080Sample size \<74 μm (%)406080100Time (min)6090120150Stirring speed (rpm)200300400500H~2~SO~4~ concentration (mol/L)0.20.71.21.7

First, the samples were ground in a ball mill to different particle sizes. Raw ores (30 g) of different sizes were added into a 250 mL beaker with 150 mL of sulfuric acid at a certain concentration. The leaching experiment was carried out under water-bath heating at a constant temperature and dynamic stirring. After leaching for a certain time, the solution was filtered, and the filter slag was washed, dried and analyzed by atomic absorption spectroscopy (AAS) to determine the copper content.

Conclusions {#Sec12}
===========

There were two kinds of biotite in Mulyashy Copper Mine, Zambia, copper-bearing biotite and copper-free biotite. And the copper--bearing biotite was mainly existed in the form of monomer or aggregations.The alteration mechanism of copper-bearing biotite can be divided into two types according to the strength of epigenesist. First, copper-bearing biotite altered into copper-bearing chlorite and malachite. The second, copper-bearing biotite altered into copper-bearing chlorite and copper-bearing limonite. The leachable property of biotite is closely related to its special structure.The order of factors effecting the copper leaching rate was temperature \> sample size \> H~2~SO~4~ concentration \> leaching time \> stirring speed.The leaching order of copper in different minerals at different temperatures was as follows: malachite, chrysocolla and pseudo-malachite \> copper-bearing chlorite \> copper-bearing muscovite \> copper-bearing biotite \> copper-bearing limonite.
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